Abstract: The fluids trapped by emerald, dolomite and pyrite in the Colombian emerald deposits consist predominantly of Na-Ca brines with some KC1. The similarity of fluid composition in the eastern and western emerald zones demonstrates the homogeneity of the parent fluids. The Na-Ca-K chemistry of the brines provides strong evidence for an evaporitic origin of the parent hydrothermal fluids. Their origin was investigated by a sulphur isotopic study of pyrite that coprecipitated with emerald. The 634S values of H2S in solution in equilibrium with pyrite from six emerald deposits range from 14.8 to 19.4 %O whereas sedimentary pyrite from the enclosing black shales yield a 634S of -2.4 %O. The narrow range in 634S~2s between the different deposits suggests a uniform and probably unique source for the sulphide-sulphur. The high 634S~2s values suggest the non-participation of magmatic or Early Cretaceous black-shale sulphur sources. Saline diapirs occur in the emeraldiferous areas and the Fluid-inclusion and sulphur-isotope data give a typical evaporitic sedimentary signature for Colombian emerald mineralization. This emerald-deposit type, unique in the world, corresponds to mesothennal deposits (300'C), most likely explanation for. high 634S involves the reduction of sedimentary marine evaporitic sulphates.
I . Introduction
The genesis of the hydrothermal carbonatepyrite-emerald vein mineralizatian of Colomhia 113s pr(2\ oked a large dehate during this century (Fallick. 1994) . Firstly. the emerald mineraliza-L;oll ii;i:j :i.!nted to the rirciilation of magmatic-hydrotherm;ì1 solutions (Scheibe, 1933 : Oppenheim. 194% ßeu5 B hlincev. 1971 cil., 1Q9.1) converge to the modcl of removsl nf the ma.ior and tnce elements from the black sh:ilcs through connate waters i hledina, 1970) or tusinal formation \v:iterroch interaction (Giuliani c t ol., 1991!. Beryllium . m:i.jor and trace elements (Cr. V. REE) 11a1-c :I loca1 sedimentary origin and are rcdistributed as infilling vein-system mineral:: tGiuliani c f ol., 1993a ol., : Cheilletz er (11 , 1994  Preliminary fluid inclusion studies on emerald crystals ciocumented complex primary brines (Roecider, 1903 (Roecider, , 1972 Toiiriy ci: Poirot, .. -.- otta\vay t'f (?I,, 19%!. showed high-salinity fluids (up to 40 a.t % eq. NaCl) and the presence of other components such as calcium and potassium in the brines. The present \vork presents new microthennomctric, SEh.l and Raman prohe data for emeruld :ind gmgtie niincr:tls (carbonate. fluorite, quartz, parisite and pyrite) from seven emerald deposits of the eastem and \vestem Colombian cineraici L U I I C~. hloreover, this paper presents the first sulphur isotopic data on pyrite cnprccipit, ' I t cd \vitIl crncrald and permits a discuzsic7n conccming the origin of the hydrothermal fluids.
Geological setting
The Colombian emerald deposits are found within two n;irro\v zones ( The eastern zone consists of the districts of GachalB, Chivor lind hlaciinal: the M ester11 z01i2 contains the districts of Cascuez. A l u~o anci La p;il111a-Yacopí (Fig. 1) . The depo5its nre Iiostd M' i t li i n :i Earl y Crc t ace ou s sed i me II t :I ry w i e s (Giiavi6 and hlacanal formations: Berriasian-->. Valanginian age in the eastem zone; Paja formation: Valanginian-Hauterivian age in the westem zone), composed mainly of a succession of sandstones, carbonates and black shales with some horizons of sedimentary pyrite nodules. The age of emerald formation has recently been determined by "ArPgAr dating on cogenetic muscovites as late Eocene-Oligocene (38-32 Ma; Cheilletz et al., 1994) . The Cretaceous formations of the Eastem Cordillera are intruded by salt diapirs (Mc Laughlin & Arce, 1971) and gypsum bodies are reported in the emeraldiferous area (Ulloa & Rodriguez, 1976) . However, few geological data have yet been reported on these salt occurrences. The mineralization is hosted by breccias, networks of extension fractures and pockets related to hydrofracturing (Giuliani et al., 1990b) . The hydrothemial circulation provoked an intense metasomatic al&ration of the enclosing black shales which consists of albitisation, carbonatization and pyritisation halos around the mineralized structures. Emerald occurs within calcitedolomite-pyrite veins. The mineralization sequence can be divided into three successive stages: (1) white fibrous calcite, pyrite I, albite, quartz and green micas; (2) white or grey rhombohedral calcite, dolomite, albite, pyrite II, quartz and some kerogens; (3) emerald, pyrite III, parisite, REE rich-dolomite, fluorite and quartz in drusy carbonates from stage 2.
Pyrite I is observed as euhedral cubic crystals (0.1-3 mm in size) with some octahedral moderately striated faces. Pyrite II occurs as cubic or dodecahedral crystals (0.2-2 cm). Pyrite III is found as euhedral crystals (0.2-5 cm in size) with pyritohedral and/or dodecahedral habits, observed locally as inclusions within emerald crystals.
Samples and analytical techniques
The microtheriiionietric studies were performed on doubly polished plates using a microscope equipped with an UhlK 50 Leitz nbjective :inil ;I Chais-hleca heating-freezing stage calibrated for temperatures. The -180" to O'C temperatures were obtained with a precision of 0.1'C; the O' to 55Y)'C tempcratures \vere obtained by hesting at a rate of 1 'C per minute.
Raman spectra of hydrates. volatile coniponents of the v;qwur plinse and solid daughter minerals \vere obtnined on a Dilor S-1-multichnnnel laser-excited R a m m spectrometer using the 51-15 nni radiation of an Ar ion laser. The presence of volatile phases CO.. CHJ, Nz and HzS u'as checked using :I 1 W laser hearn referring to the following lines, respectively: 13SS cin-l. 9 1 5 cm-I, 1331 cm-l and 261 1 cni-l. 
Fluid inclusions study

Results
The results ore pret.ented in Tahle On heiìting, the CO: y l i a x honingenircs to \,ipour or liquitl br:t\vee:n 77.8 and 2Q.C. Decrepitation and leakage affect all íluiil inclusions beforc complete hhtii[,geiiir~ìtion and lialite melting. Decrepitation occur5 ;it temperaturcs b e t w x n SO and 2Y)'C. I n m i i e inclusions, the consideratile dccreax in \ nlunie of the vapour phase relative to the lialitc crystal hcfore reaching the teniperature o i ilwrepitntion ('Oh < TD < 750'C) ,>uggest.; prohable hr:,mogcnization of the inclusions by N K I melting. -Primary fluid inclusions are about 100 to 4nO pin in size with ii-regular sliaper. They x c vdespread in pyrite!, as i5olatcd cavities. Gencrally. they contain :i sb Ivitc clauglitcr mineral (Fig. j a . cl). Tlic opening of' the c:ivitier during electron-hearii imlxict led to evaporatiori ïif the infilling brines; the analysis of tlic decrepitrites documented a mixturs of Ca-CI or Ca-Na-CI compositions [ Fig. 5c . d I.
-Secondury fluid inclusions ;ire ahaut 1 O ti) SO pm in size ( Fig. Sb) with irregular to negative crystal shapes and occur in trails crosscutting flic primary fluid inclusions. The anal) sis of indi \, id u d i nel II si on dccre pi t LÏ t es tie nion .\ t rated t lic prehciice of Na-C;ì-CI brine> \vitti sigiiii'ic:unt iimounts c\f KCI (Fig. 5h) .
Discussion
The :irlditiun:il f l u i d inclusion d i i t i i 011 Colonihian emeralds lind garigue riiiner:ils pre~cntcil i n this paper ( The temperature of deposition of carbonates asocisted with pyrites I iind 11 is difficult to ohtain by microthermometry hecause leakage and dscrepitation aff'tict all the inclusions during henting. Nevertheless, fluid-inclusion petrography and freezing experiments in carbonates %how the s m e h>persaIine brines as those found in enierald ( Table 2) . Inamucli 3s the volume of the con~ponents of these fluid inclusions (vapour. halite, hrinel is the smie as in ernerald, and considering that fluid inclusicm homogenize in both minerals hy halite disappearmce, an average temperature of 3OO' C is tent:itively proposed t'or carbonates associated with pyrites I and IT.
The composition of the fluids related to Colombian pyrites are K-Na-Ca-rich. Such NaCa brines with significant amounts of KCI arc similar to the fluids associated \vit11 emerald (Giuliani et al.. 1992; 1993b) and carbonate. The similarity of fluid composition in emerald. carhonate and pyrite in t !~ ea5ter.n. :ind v ; c~e r n emerald zones demonstrates the homogeneity of the parent fluid and the coeval precipitation of the rrssoci;ited minerals.
5-Sulphur-isotope study
Results
The isotopic data for the sis enierdd deposits studied in this Lvork are listed in Table 1 and reported as a function of their stratigraphic position in Fig. 6 . Except for the La Pavn sedinien- The calculated 8 3 4 s~2 s f o r t h e different samples are between 9.6 and 19.9 ' 3~ (Table 1) . They were obtained assuming equilibrium fractionation of sulphur, using the isotopic fractionation factors (Ohmoto & Rye, 1979) and the average temperature of deposition (300°C) deduced from the fluid inclusion study.
Interpretation
The narrow spread in 8 3 4 S~2 s from pyrite III (14.8 < 634sH2S < 19.4 %), cogenetic with emerald deposition in the Colombian deposits, suggests (1) that the sulphur isotopic composition of the'<ore-foiming fluids is uniform and, (2) the sulphide-sulphur source is heavy and probably unique. Moreover, the results of the fluid inclusion study show the presence of homogeneous and hypersaline brines which belong to the H20-NaCI-KCI-CaCl2-C02-N2 system. These two distinct and complementary geochemical approaches converge towards a model involving NaC1-KC1-CaCl2-rich brines originated from sedimentary evaporitic sulphate as the source of the sulphide-sulphur component of the mineralizing fluids.
In fact, salt diapirs are known to intrude the Late Cretaceous series in the Sabana of Bogota (Zipaquirá and Nemocon mines), and the Early Cretaceous series in the eastem emerald zone ( R k Laughlin, 1972 Considering that gypsum diapirs are found in the vicinity of emerald deposits in the eastem emerald zone, this makes the existence of salt levels below the Early Cretaceous series highly probable. These salt levels might have been percolated by deep basinal formation waters (Giuliani et al., 1992) during the ore-forming hydrothermal process. Therefore, the most likely explanation for the sulphur isotopic data involves the reduction of sedimentary Early Cretaceous and/or Jurassic marine sulphates. In fact, worldwide marine sulphates display mean values of S34S as high as 15 to 18 permil for this period (Holser & Kaplan, 1966; Claypool et al., 1980; Dejonghe et al., 1989, see Fig. 6 ); this S34S range overlaps the 634sH2s of pyrites associated with Colombian emeralds.
The comparison of calculated 6 3 4 s~2 s values for pyrite III with inferred 6 3 4 s values for evaporitic sulphate is not strictly valid. However, it is known that the sulphur isotopic composition ( 6 3 4 s~) of the different sulphur-bearing species in the hydrothermal solution, which reflects the source of sulphur, must be at least as heavy as the maximum value of calculated 634sH2S for sulphide (Ohmoto, 1972) . Therefore, the only likely and unique source of sulphur as heavy as 19.4 %O might be sulphur derived from evaporites through a sulphate reduction process at the site of mineral precipitation.
Discussion
Two main objections to this interpretation of sulphur isotope data can be addressed. High 8 3 4 s values can result, (1) from an originally heavy source submitted to an oxygen fugacity decrease with time during the precipitation of pyrite and emerald, and (2) from the gradual addition of sulphur from an isotopically heavy source to an originally light source, either magmatic ( 8 3 4 s = O .t 3 %O) or sedimentary.
Objection (1) is not valid. In fact, the precipitation of the mineral assemblage occurred within the stability field of pyrite at an j 3 2 value buffered by the enclosing black shales. Objection (2) can also be rejected: the participation of a light magmatic source is highly improbable considering the lack of any igneous activity during the emerald formation process G. Giuliani, A. Cheilletz, C. Arboleda, V. Camllo, F. Rueda (Fig. 6) . This unique 6% value is evidently not sufficient to characterize the \viiole sedimentary s u l p h i d e r e s e r v o i r f o r m e d by the Early Cretaceous black shales. However, this value falls within the tbpical range of 63% values (mecin = -12 k 5 "&I expected for diagenetic pyrite in black shales (Holser & Kaplan. 1966; Wedcpohl. 1978) . hloreover, ;I contribution for sulphidc-sulphur composition t'rom the host-rock black shale adjacent to the mineralized veins \vould have scattered the 6% values as result of a niising process. The consistcncy and the uniformity of the 6% data found for the Colombian pyrites eliminates such a possible mechanism.
The fractionation of sulphur isotopes is also \vel1 kno\vn us acting during the thermochcmical reduction of sulphate by organic matter. Althclugh this niechanism \vas probahly \\orking during the vein formation and pyrite deposition, the absolute \ariation induced is thought to he less than 10 "CC for the S?S values (hlacqueen & Powll, 19S3) . This range is comprised within the measured variation range of Colomhian pyrites and thus cannot be distinguished.
There are three other m:ijor features that can he deduced from the data presented in Fig. 6: -The overall variation of P S aithin stratigraphic height from the eastern and western Colombian emerald zones ( 1 1 .-! < 6% < 1 8. 1 5 c for the Berriasian and 13.5 < 8% < 21.2 3 t for the I-Isuterivian host-rocks, respectively; Fig. 6 ) is :I prominent featurc ~vhich nitrits : i discussion. A likely explanation, as suggested by Seal (1994, pers. comm.) , is that :is sulphate-rich brines traverse the organic-rich strata of the Early Cretaceous serics. thermochemical reduction of the brine sulphate to HzS by interaction with organic matter and precipitation of pyrite causes the residual sulphate to become progressively enriched in 63%, which is then reduced and precipitated higher in the stratigraphic sequence. However, this interpretation cannot be applied to the studied emerald occurrences. considering that \\¡thin a single deposit. no important 6% vririation is observed. Moreover, the tectonic style of the Eastern Cordillera, albeit poorly known, prccludes the existence of complete stratigraphic series in the vicinity of the emerald deposits, because of the presence of thruiting and decollcment structures. In such tectonics. salt horizons of Jurassic age (for instance) might directly underlie the Berriasian or Hauterivian strata. The enrichment in 63% through interaction \vitIl organic matter during the percolation of Iiydrothermal fluids might then be effective for ;i single propagating vein during its vertical extension.
-The 63% values of pyrite II are lower than those of pyrite III (Fig. 6 ) . Three possible esplanations can he advanced: ( 1 ) precipitation of pbrite can increase the 6% of the residu:iI H2S; ( 2 ) decreasing temperature from stages I I to III can produce a similar effect. The avcr;ige temperature of deposition for pyrite (~OO'CJ \viis cbtimated from niicrothemiometric dato obt;iiiit:d on coeval carbonates. Fluid-inclusion data are m>t comprehensive enough to exclude a variLition c d temperature from stage II to III. \\hich can be roughly estimated to he ut most -1(3O'C, considcring the nature of the mineral ri~sciiihlage in the veins (Cheilletz el d.. 1993) . Such a voriation ivould produce a 1 SO variation in 6% vdue,.
\vhich could explain the observed vari:ition bztween pyrite 11 and III; ( 3 ) a third exp1:inatiun for this variation is thc probable change in the SO.$-/H?S ratio of the fluid, assuming thlit sulpliitle precipitating from solutions contain both H2S
and SOA?-species. The decreasing of the mS0;'-/niH:S could be cor-rclated to a decrcase ofJO2 during pyrite III deposition. A more reduced statt: tlower SO$-/ H?S ratio) is enhanced by the CICE, -ing of the vein sLsteni as a conscquencc of tluidpressure variations and crystallization of vciiifilling minerals. The third elplanation appcars to be the most likely.
-Pyrites I and II (EI Toro and Las Cruce?, mines, Fig. 61 , display low 6%S va1ues in thc range 10.S to 11.5 %C (Table 1 ) . Thcse lightest 834s values c:in be cxpkiined conhidering t\vo major points: ( 1 ) fluctuations of the oxidation state ;ind/or the pH of the solution during dcpcisition would produce such light values (Ohmoto & Rye. 1979) . assuming that redox equilibriurn esisted in the solution at 300°C; ( 2 ) sulphate reduction by reaction Ivith organic matter (Ohmoto & Lasaga, 1982;  hlacqueen CE: Pow.ell. 1983 
6-Conclusions
Fluid-inclusion and sulphur-isotope data strongly support a hydrothermal sedimentary model for the Colombian emerald mineralization. The fluid-inclusion study has revealed Na-Ca-Kbearing hypersaline chlorine brines. The 83% values of pyrites from the Colombian emerald veins are isotopically heavy. The most likely interpretation involves the reduction of sedimentary derived marine sulphates of evaporitic origin.
Other geochemical data permit better constraints to be placed on the model (Giuliani et al., 1992; Cheilletz et al., 1994) : (1) carbon isotopes obtained from carbonates show the participation of limestone and organic matter for the origin of carbon (8*3C), (2) calculated 8 1 8 0 of H20 for quartz and carbonates in equilibrium with the minp$ization have a basinal formation waters signature, (3) the major-element chemistry of emerald-forming fluids indicates the same NaCa-K-C1 composition observed in oil-field brines and MVT mineralizing fluids (Hall & Friedman, 1963; White, 1974; Sverjensky, 1981; Roedder, 1984) which are similar also to basinal brines (Carpenter et al., 1974; Haynes & Kesler, 1987) , fluids associated to Pb-Zn deposits related to salt diapirs (Guilhaumou et al., 1981) or metamorphosed evaporites (Mc Kibben et al., 1988) . This sedimentary contribution is also demonstrated by the behaviour of trace elements (Be-Cr-V) constituting the vein-filling minerals (Giuliani et al., 1990a (Giuliani et al., , 1993a which clearly are derived from the leaching of enclosing black shales. However, the temperature and pressure conditions (300 & 30"C, 1 kbar) of emerald precipitation (Cheilletz el al., 1994) are higher than those found in basinal formation waters (Sheppard, 1984) 
or recorded in Mississippi Valley
Type sulphide deposits (T < 210°C; Roedder, 1984) . Comparison between thermobarometric data for emerald deposition and burial temperature estimates of the Eastern Cordillera basin (Hébrard, 1985; Fabre, 1987) requires an additional 120 to 150°C thermal input with regard to the burial temperatures of the enclosing black shales . Cheilletz et al. (1994) considered two possible heat sources: (1) synchronous magmatism and (2) heat conduction implemented during halokinetic ascent. Magmatic intrusions do not occur in the emeraldiferous area and hypothesis (1) can thus be excluded. Hypothesis (2) is more likely, considering that the geothermal gradient in salt dome environments varies as a function of the geographic location and depth. At the transition between hydropressurized and geopressurized zones, the geothermal gradient increases considerably, as for instance in the Gulf Coast Salt domes, where the gradient reaches 50 to 75°C per kilometre in the vicinity of salt domes (Jones, 1975) . Considering the close relationship existing between emerald deposits and evaporitic horizons, the sulphate-rich brines responsible for emerald and pyrite deposition correspond to deep-seated formation waters, heated by burial, thereafter dissolving evaporites by interaction with salt diapirs.
The most significant conclusions are that Colombian emerald deposits are unique in the world and differ drastically from the well-known biotite-schist-emerald deposit-type (Sinkankas & Read, 1986; Schwarz, 1957; Giuliani et al., 199Oc; Kazmi & Snee, 1990) which are related to g r a n i t e -p e g m a t i t e e n v i r o n m e n t s . T h e Colombian deposits correspond to mesothermal deposits (3OO0C), formed in a sedimentary environment and produced through themiochemical reduction of sulphate-rich brines to hydrogen sulphide by interaction with organic-rich strata.
